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Abstract We investigate the observables available in the an-
gular distribution of B → K∗μ+μ− to identify those suit-
able for measurements in the first few years of LHC data
taking. There are three observables that may be extracted
by counting signal events as a function of one or two decay
angles and correspond to large features of the full angular
distribution in the Standard Model: AFB, FL, and S5. Two of
these are well known in the experimental community; how-
ever, we show that measuring S5 adds complementary sen-
sitivity to physics beyond the Standard model. Like AFB, it
features a zero-crossing point with reduced hadronic uncer-
tainties at leading order and in the large recoil limit. Due
to the high gradient of S5 at this point, we find it would be
possible for LHCb to measure it to high precision. Current
experimental model independent constraints on parameter
space are presented and predictions made for the values of
the AFB and S5 zero-crossing points. The relative impact of
early LHCb measurements of AFB, FL, and S5 is assessed.
These issues are explored with a new model of the decay that
can be used with standard simulation tools such as EVTGEN.
1 Introduction
The decay Bd → K∗0μ+μ− is a golden channel for the
study of flavour changing neutral currents (FCNC) at the
Large Hadron Collider (LHC). The four-body final state,
as K∗0 → Kπ , means that there is a wealth of informa-
tion in the full-angular distribution that is complementary
to that available in the widely studied b → sγ decays. In the
presence of physics beyond the Standard Model (SM), new
heavy degrees of freedom may enter the b → s loops. These
can alter the decay amplitudes, affecting the full-angular dis-
tribution observed. This makes Bd → K∗0μ+μ− one of the
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most promising places in the flavour sector to search for new
physics (NP) at the LHC (see [1] for a review). We concen-
trate on the large-recoil regime, where the energy of the K∗
is large such that QCD factorization is applicable. The low-
recoil regime was described in [2], however at present form
factors in this regime are not well known. A number of in-
teresting measurements have already been made [3–9]. They
are broadly in agreement with SM predictions; however, ex-
perimental precision is currently too low for firm conclu-
sions to be drawn.
The properties of the full-angular distribution have been
studied by many authors and a number of potential mea-
surements have been identified; e.g. [10–16]. Particular em-
phasis has been placed on finding angular observables with
reduced theoretical uncertainties or enhanced sensitivity to
particular classes of NP. However, in the first few years of
LHC data taking the dominant sources of uncertainty will
be experimental; thus, the emphasis should be on finding
quantities that can be cleanly measured with relatively small
uncertainties. Once very large data sets have been collected,
it will be possible to use a full-angular analysis to extract the
various underlying amplitudes directly [13, 17]. This will
allow the determination of many theoretically clean observ-
ables. However, performing this kind of analysis will not
be possible until detectors are very well understood and the
number of collected signal events are in the thousands. Prior
to this, symmetries and asymmetries of the full-angular dis-
tribution can be used to extract some observables individu-
ally from angular projections [14, 15, 18–20].
In this paper, we focus on observables that correspond to
large features in the Bd → K∗0μ+μ− full-angular distribu-
tion and can be measured by counting the number of signal
events as a function of one or two decay angles. We then in-
vestigate the relative experimental sensitivities to these ob-
servables at LHCb [21] and their projected impact on the
allowed parameter space after measurements with 2 fb−1 of
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integrated luminosity. The rest of the paper is structured as
follows: In the next section we give a brief overview of the
theoretical framework employed with details of the decay
amplitude calculation; in Sect. 3, observables that will be
relevant for analyses with the first few years of LHC data
are discussed, and details of benchmark NP models pro-
vided. We also summarize the impact of existing experimen-
tal measurements on constraining the NP contribution to the
Wilson coefficients. In Sect. 5, we analyse the possibility of
detecting NP effects at LHCb using our chosen observables.
In Sect. 6, the potential impact of these measurements on




A decay model following [22] has become the standard
tool for studies of Bd → K∗0μ+μ− within the experimen-
tal community due to its inclusion in the decay simula-
tor EVTGEN [23]. A significantly improved version of that
model with much greater support for the simulation of NP as
well as a state-of-the-art SM treatment has been developed
as part of the present work [24]. We present our theoretical
framework in a way that allows direct comparison with [22],
by expressing the decay amplitude in terms of the auxil-
iary functions used in that reference. Calculation of these
requires Wilson coefficients, form factors and quantum-
chromodynamics factorization (QCDF) corrections, as de-
scribed in detail in this section.
2.2 Wilson coefficients
The Wilson coefficients, Ci(μ), are process-independent
coupling constants for the basis of effective vertices de-
scribed by local operators, Oi (μ), and encode contributions
at scales above the renormalization scale, μ. For a given NP
model, new diagrams will become relevant and the Ci(μ)’s
may change from their SM values; additional operators may
also become important.1 The weak effective Hamiltonian,
neglecting doubly Cabibbo-suppressed contributions, H(u)eff ,
is given by












Cj Oj + C′j O′j
))
, (1)
1A comprehensive review of effective field theories in weak decays can
be found in [25].
where j = 7,8,9,10,P ,S, GF is the Fermi constant,
and λt = VtbV ∗ts is the relevant combination of Cabibbo–
Kobayashi–Maskawa (CKM) matrix elements. The opera-
tors O and O′ are defined in [15], and a subset is given
explicitly in Appendix A.
The primed operators have opposite chirality to the un-
primed ones and their corresponding coefficients, C′i (μ), are
suppressed by ms/mb or vanish in the SM; however, they
may be enhanced by NP. We neglect the contributions from
O′i for 1 ≤ i ≤ 6 as they are either heavily constrained by
experimental results or generically small; NP contributions
to O′7−10 may still be important and are included. We also
include the scalar and pseudoscalar operators O(′)S,P . These
vanish in the SM but may arise in certain NP scenarios, for
example in the case of an additional Higgs doublet.
The Wilson coefficients are calculated by matching the
full and effective theories at the scale of the W boson mass,
mW . For the SM Wilson coefficients, we aim at next-to-next-
to-leading logarithmic (NNLL) accuracy. This requires cal-
culating the matching conditions at μ = mW to two-loop ac-
curacy. This has been done in [26]. NP contributions are in-
cluded to one-loop accuracy only, as two-loop corrections
are expected to be small. This was shown explicitly for
the MSSM in [27]. The Wilson coefficients must then be
evolved down to the scale μ ∼ mb . The evolution has been
implemented using the full 10 × 10 anomalous dimension
matrix following [28–30]. The primed operators, O′7−10, are
evolved as their unprimed equivalents; however, the scalar
and pseudoscalar operators O(′)S/P are defined to be con-
served currents and do not mix with the other operators and
so do not require evolution. For convenience, we define the
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where q2 is the invariant mass squared on the muon pair
and Y(q2) is defined in [31]. Table 1 gives the values of the
Wilson coefficients at μ = mb,PS(2 GeV) in the SM. The
treatment of quark masses in the PS scheme is discussed in
Sect. 2.6.
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Table 1 SM Wilson coefficients at μ = mb = 4.52 GeV/c2, where
Ceff9 (μ) ∼ Ceff9 (μ) − Y (q2)
C1(μ) C2(μ) C3(μ) C4(μ) C5(μ)
−0.135 1.054 0.012 −0.033 0.009







−0.039 −0.306 −0.159 4.220 −4.093
2.3 Form factors
Bd → K∗0μ+μ− is characterized by eight form factors,
V (q2), A0−3(q2) and T1−3(q2). These are hadronic quan-
tities that, for certain ranges in q2, may be obtained by non-
perturbative methods. Their definition in terms of hadronic
matrix elements can be found, for example, in [32]. Lattice
field theory currently offers a prediction for the form fac-
tor T1(0) relevant to B → K∗γ [33], but not for the others.
However, QCD sum rules on the light cone (LCSR) is a well
established alternative technique that provides results for the
desired range in q2 [15, 32]. It is an extension of classic
QCD sum rules [34], in which matrix elements are evaluated
via both operator product expansion and dispersive repre-
sentation. Quark-hadron duality then leads to sum rules for
the desired hadronic quantities. LCSR follows a similar pro-
cedure to obtain sum rules for the form factors, but the op-
erator product expansion in terms of vacuum condenstates
is replaced by a light-cone expansion in terms of universal
light-cone meson distribution amplitudes. A comprehensive
review of QCD sum rules and LSCR can be found in [35].
We use the full set of LCSR form factors in our model
[32, 36], where the sum rules for all form factors except
for A0 were calculated at O(αs) accuracy for twist-2 and-
3 and tree-level accuracy for twist-4 contributions. Note that
the normalization of the form factors we use differs slightly
from [15], however this will not have much impact on the
observables, as they are normalized by the total decay rate,
so the effect will cancel out. We estimate the uncertainties
using the values provided in [32] for q2 = 0, as shown in Ta-
ble 2. Note that A3(0) and T2(0) are not included in the ta-
ble, as they can be found using the relations A3(0) = A0(0)
and T2(0) = T1(0).
In the large energy limit of the K∗, the form factors
satisfy certain relations and, therefore, can be reduced to
two heavy-to-light or soft form factors, denoted ξ⊥ and
ξ‖ [37–40]. These reduced form factors are generally used
within the QCDF framework [31, 41]. The relations are stud-
ied through appropriate ratios of the LCSR predictions for
the full form factors in Appendix B of [15]. It is shown
that those involving ξ⊥ are almost independent of q2, but
those involving ξ‖ have a definite dependence on q2, so are
probably more sensitive to the 1/mb corrections neglected
in QCDF.
Table 2 Form factors for Bd → K∗0μ+μ− from LCSR at q2 = 0
[32], as described in Sect. 2.3. Here tot is the total error arising from
the uncertainty on all input parameters with the exception of the Gegen-
bauer moment a1. a1 contains the uncertainty due to a1, where δa1 is
defined δa1 = a1(K∗, 1 GeV) − 0.1
F(0) tot a1
V 0.411 0.033 0.44 δa1
A0 0.374 0.034 0.39 δa1
A1 0.292 0.028 0.33 δa1
A2 0.259 0.027 0.31 δa1
T1 0.333 0.028 0.34 δa1
T3 0.202 0.018 0.18 δa1
2.4 QCD factorization corrections
QCD factorization is a framework in which the O(αs) cor-
rections to Bd → K∗0μ+μ− can be calculated in the com-
bined heavy-quark and large-recoil energy limit; this applies
when the energy of the K∗ is large. These corrections take
into account contributions that cannot be included in the
form factors, such as the non-factorizable scattering effects
arising from hard gluon exchange between the constituents
of the B meson.
Our calculation of the decay amplitude includes QCDF
corrections at next-to-leading order (NLO) in αs but lead-
ing order (LO) in 1/mb . These corrections are included in
the definitions of T‖(q2) and T⊥(q2) found in [31] and are
given in terms of ξ⊥ and ξ‖; however, O(αs) factorizable
corrections that arise from expressing the full form factors in
terms of ξ⊥ and ξ‖ must then be subsumed. Following [15],
we instead express our LO results for the decay amplitude
in terms of the full form factors. Factorizable corrections are
then redundant and the main source of O(1/mb) corrections
is automatically included. In addition, we neglect weak an-
nihilation corrections at LO in 1/mb and O(αs) as they are
dependent on the numerically small Wilson coefficients C3
and C4.
We denote T NLO‖ (q2) and T NLO⊥ (q2) to be the analogues
of T‖(q2) and T⊥(q2) from [31] with the only relevant
O(αs) contributions included. We also define T ′NLO‖ (q2)
and T ′NLO⊥ (q2); the primes indicate that the unprimed Wil-
son coefficients should be replaced by their primed equiva-
lents. In order to extend the results of [22] to include NLO
corrections, we must make the following replacements:
C
(′) eff
7 T1 → C(′) eff7 T1 + T (′)NLO⊥ ;
C
(′) eff
7 T2 → C(′) eff7 T2 + 2
EK∗
mB
T (′)NLO⊥ ; (3)
C
(′) eff
7 T3 → C(′) eff7 T3 + T (′)NLO⊥ + T (′)NLO‖ ,
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where EK∗ is the energy of the K∗, mB is the mass of the B
meson, and we shorten T1−3(q2) to T1−3, and T (′)NLO⊥/‖ (q2)
to T (′)NLO⊥/‖ .
We have now introduced the Wilson coefficients, form
factors and defined the QCD factorization corrections. These
are all ingredients for the auxiliary functions describing the
decay amplitude, as seen in the following subsection.
2.5 Decay amplitude
The Hamiltonian defined in (1), combined with the standard
definitions of the form factors, leads to the following decay
amplitude [22, 42]:
M ∝ [T 1μ (μ¯ γ μ μ) + T 2μ (μ¯ γ μγ5 μ) + S(μ¯μ)] (4)
where












+ iC(q2)(	∗ · pˆB) pˆμ + iD(q2)(	∗ · pˆB) qˆμ, (5)























Here, pB,K∗ and mB,K∗ are the four-momenta and masses
of the respective particles in the B meson rest frame,
p ≡ pB + pK∗ , q ≡ pB − pK∗ , and 	∗μ is the K∗ polariza-
tion vector. The circumflex denotes division by mB (e.g.
mˆK∗ ≡ mK∗/mB ). The auxiliary functions A-I (q2) follow
[22]; however, we have updated the previous expressions
to include additional primed, scalar, and pseudoscalar op-
erators, as well as QCDF correction via T (′)NLO‖ (q2) and
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) = −A0(CS − C′S). (8h)
Here again we shorten T1−3(q2) to T1−3, and T (′)NLO⊥/‖ (q2)
to T (′)NLO⊥/‖ . The recoil energy of the K∗ is given by
EK∗ = m
2
B + m2K∗ − q2
2mB
. (9)




)=0 and qμ(μ¯γμγ5 μ)=−2mμμ¯γ5 μ, (10)
where mμ is the muon mass, we see that D(q2) vanishes and
H(q2) is suppressed by a power of mμ. However, H(q2) re-
ceives a pseudoscalar contribution inversely proportional to
mμ allowing for some sensitivity to CP − C′P [42]. The ob-
servables described in Sect. 3.1 (e.g. (16)–(17)) may be cal-
culated directly from the amplitudes given in (8); the nec-
essary formulae are presented in Appendix B and imple-
mented in our model.
2.6 Numerical input
2.6.1 Quark masses
The calculation of the auxiliary functions requires the bot-
tom quark pole mass, which is known to contain large
long-distance corrections. To avoid this, a renormalization
scheme, known as the potential subtraction scheme (PS),
was introduced in [47]. The quark mass defined in the PS
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Table 3 Quark masses
Parameter Value Reference
ms 0.104 [43]
mc,PS(0.7 GeV) 1.5 GeV [44]
mb,PS(2 GeV) 4.52 GeV [45]
mˆt (mˆt ) 162.3 GeV [46]
scheme has the advantage that the large infrared contribu-
tions are absent, while being numerically close to the pole
mass. It is suitable for calculations in which the quark is
nearly on-shell. Following [31], we replace the pole mass
by the PS mass, mPS(μf ), using




and neglect any resulting terms of O(α2s ). Here μf is the
scale at which the PS mass is calculated. All occurrences
of the symbol mb in our formulae refer to the PS mass,
mb,PS(2 GeV), as shown in Table 3.
The operator O7 is defined in terms of the modified mini-
mal subtraction (MS) mass. In the MS scheme, the 1/	 poles
are simply removed, along with the associated terms in γ
and 4π . Therefore, when the b quark mass arises in combi-















This leads to factorizable O(αs) corrections to T NLO⊥/‖ (q2)
and T ′NLO⊥/‖ (q2) as found in [31].
For consistency, we calculate the charm quark pole mass
using (11). Here the PS mass is taken from the most recent
calculation as in Table 3. The resulting pole mass agrees
with results in [43], where it is calculated from the MS mass.
The top quark mass enters the calculation of the Wilson co-
efficients, and for this we use the MS mass in Table 3, as
in [15].
2.6.2 Hadronic parameters
In addition to the form factors described in Sect. 2.3, the
QCDF corrections require light-cone distribution ampli-
tudes and decay constants. The light-cone distribution am-
plitude for both the B and K∗ mesons enter the hard scatter-
ing corrections. For the B meson we follow the prescription
in [31] using the values for ΛB given in Table 4. For the K∗
meson we use the standard Gegenbauer expansion,





n (2u − 1), (13)
Table 4 Hadronic parameters
Parameter Value Reference
fB 200 ± 25 MeV [48]
λB (2.2 GeV) 0.51 ± 0.12 GeV [49]
f ⊥K∗ (2 GeV) 163 ± 8 MeV [50]
f
‖
K∗ 220 ± 5 MeV [50]
a⊥1,K∗ (2 GeV) 0.03 ± 0.03 [50]
a
‖
1,K∗ (2 GeV) 0.02 ± 0.02 [50]
a⊥2,K∗ (2 GeV) 0.08 ± 0.06 [50]
a
‖
2,K∗ (2 GeV) 0.08 ± 0.06 [50]







Vus 0.226 ± 0.002
Vub (3.93 ± 0.36) × 10−3
γ (77+30−32)◦
GF (1.166) × 10−5 GeV−2
for m = ⊥,‖, taking the coefficients from Table 4. We also
require the decay constants for both the B and K∗ mesons.
Additional parameters are summarized in Table 5.
3 Observables and new physics
Having established the basic theoretical framework, we
proceed to discuss experimental observables for Bd →
K∗0μ+μ−.
3.1 Observables
The full-angular decay distribution can be written as:
d4





q2, θl, θK∗ , φ
)
, (14)
where the angles θK∗ , θl and φ are defined as follows: θK∗ is
the angle between the K− and B¯ in the rest frame of the K∗,
and is defined in the range −1 ≤ cos θK∗ ≤ 1; θl is defined
as the angle between the μ− and B¯ in the di-muon centre
of mass frame, and is defined in the range −1 ≤ cos θl ≤ 1;
φ is the angle between the normal to the K–π plane and
the normal to the di-muon plane, and is defined in the range
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0 ≤ φ ≤ 2π . For the conjugate decay, the angles are defined
analogously, but with reference to the K+ and μ+. We can




q2, θl, θK∗, φ
) = I s1 sin2 θK∗ + I c1 cos2 θK∗
+ (I s2 sin2 θK∗ + I c2 cos2 θK∗) cos 2θl
+ I3 sin2 θK∗ sin2 θl cos 2φ
+ I4 sin 2θK∗ sin 2θl cosφ
+ I5 sin 2θK∗ sin θl cosφ
+ (I s6 sin2 θK∗ + I c6 cos2 θK∗) cos θl
+ I7 sin 2θK∗ sin θl sinφ
+ I8 sin 2θK∗ sin 2θl sinφ
+ I9 sin2 θK∗ sin2 θl sin 2φ. (15)
The angular coefficients I (a)i , where i = 1 to 9 and a = s
or c, describe the decay distribution. A natural set of ob-
servables was identified in [15] by taking combinations of
these I (a)i ’s that emphasize CP-conserving and CP-violating



















where the A(s/c)i ’s have also been studied in [14]. We intro-
duce the rate average, which, for a variable V (q2), is given
by
〈V 〉1–6 GeV2 =
∫ 6 GeV2
1 GeV2 dq





Using (16), it is possible to reconstruct standard observ-
ables such as the forward-backward asymmetry, AFB, and





and FL = −Sc2. (19)
As explained in Sect. 1, our focus is on those observ-
ables that will be measurable at LHCb without a full-angular
analysis. In order to keep the experimental complexity to a
minimum, these observables should require information on
only one or two of the angles. AFB, which depends only on
θl , and FL, which depends only on θK∗ , are well known ex-
amples. Note that in order to extract a simple expression for
FL, one requires the relations, valid in the limit of massless
leptons,









) = 1. (20)



























We also study the possibility of an early measurement of
S5, which can be measured using only cos θK∗ and φ. It is

























A comprehensive study of the effects of the Wilson coef-
ficients on the above observables, and vice-versa, can be
found in [15]. We note that S3, A7, and A9 can also be ex-
tracted by the counting of signal events over one or two an-
gles. S3 is related to the well known and theoretically clean
observable A(2)T [12]; to be precise, S3 equals 12 (1−FL)A(2)T
in the massless lepton limit. While significant enhancement
of A(2)T is possible in the presence of non-SM C
′ eff
7 [51],
the 12 (1 −FL) prefactor implies that the enhancement is less
pronounced in S3 [20]. The smallness of S3 means that the
experimental sensitivity to 〈S3〉1–6 GeV2 will be limited in
the first few years of LHCb data taking; thus, the study of
S3 is thus left for other works [13]. Enhancements to A7 and
A9 in the presence of NP phases can, however, be sizable
[14] and could, in principle, lead to reasonable experimen-
tal resolutions, particularly for 〈A9〉1–6 GeV2 . However, these
measurements will still be experimentally challenging in the
first few years. For these reasons we choose to focus on AFB,
FL and S5 for early study at LHCb.
As stated earlier, NP enters the calculations through con-
tributions to the Wilson coefficients; constraints on these
contributions are described in Sect. 4. It is well known that
for certain values of q2, the observables AFB and S5 vanish.
We refer to these values of q2 as the zero-crossing points,
q20 (AFB) and q
2
0 (S5). They are particularly sensitive to NP,
and can be used to further constrain the values of the Wilson
Coefficients. At leading order, in the large recoil limit, and
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for real values of the Wilson coefficients, it is possible to
obtain simple expressions for q20 (AFB) [11, 31] and q20 (S5):





−mB mb(Ceff7 + C′ eff7 )
Ceff9 + mˆb(Ceff7 + C′ eff7 )
. (25)
In deriving these results we make use of the soft form fac-
tors, following [31, 41]. The two observables provide com-
plementary sensitivity to NP through their differing depen-
dence on the Wilson coefficients, and allow for sensitivity
to both chiralities of O7. The cancellation of the soft form
factors and the relative smallness of O(αs) corrections mean
that both zero-crossing points meet the criteria for theoreti-
cal cleanliness given in, e.g., [13]. In addition, we define the





where O is the observable AFB or S5 respectively. AFB
has also been studied in the context of B → Kπl+l− [52],
where expressions for q20 (AFB) and G0(AFB) were deter-
mined for the case of an energetic kaon and soft pion. How-
ever, the kinematic region where the Kπ pair is energetic is
dominated by the K∗, and non-resonant effects can be ne-
glected.
3.2 Overview of specific models and effects on Wilson
coefficients
The observables for Bd → K∗0μ+μ− are most sensitive




10 and their primed
equivalents, so we concentrate on the NP contributions to
these in this section. We also consider C(′)S and C
(′)
P for com-
pleteness; however, experimental sensitivity to their effects
are expected to be limited in this decay.
3.2.1 Flavour Blind MSSM (FBMSSM)
Here the MFV version of the Minimal Supersymmetric
Standard Model (MSSM) is modified by some flavour-
conserving but CP-violating phases in the soft supersym-
metry (SUSY) breaking trilinear couplings [53]. The Wil-
son coefficients we use correspond to those calculated in
scenario FBMSSM II defined in Table 11 of [15]. The addi-
tional CP-violation contributes substantial complex phases
to Ceff7 , however there is no flavour structure beyond the SM,
so primed operators are suppressed as in the SM. As in all
SUSY models, scalar and pseudoscalar operators arise due
to the additional Higgs doublet.
Table 6 NP Wilson coefficients at μ = mb,PS(2 GeV/c2) =
4.52 GeV/c2 in the FBMSSM and GMSSM as described in Sect. 3.2,




Ceff7 (μ) −0.306 0.031 + 0.475i −0.186 + 0.002i
C′ eff7 (μ) −0.007 0.008 + 0.003i −0.155 + 0.160i
Ceff8 (μ) −0.159 −0.085 + 0.149i −0.062 + 0.004i
Ceff8 (μ) −0.004 −0.000 + 0.001i 0.330 + 0.336i
Ceff9 (μ) 4.220 4.257 + 0.000i 4.231 + 0.000i
C′ eff9 (μ) 0.000 0.002 + 0.000i 0.018 + 0.000i
Ceff10 (μ) −4.093 −4.063 + 0.000i −4.241 + 0.000i
C′ eff10 (μ) 0.000 0.004 + 0.000i 0.003 + 0.003i
CˆS(μ) 0.000 −0.044 − 0.056i 0.000 + 0.001i
CˆP (μ) 0.000 0.043 + 0.054i 0.001 + 0.001i
3.2.2 General MSSM (GMSSM)
Minimal flavour violation is not imposed, and generic
flavour- and CP-violating soft SUSY-breaking terms are al-
lowed [54]. The Wilson coefficients we use are close to the
scenario GMSSM IV in [15], corresponding to large NP
contributions to both Ceff7 and C′ eff7 allowed by existing ex-
perimental bounds (see Sect. 4).
3.2.3 Theory predictions
The Wilson coefficients in the above scenarios are given ex-
plicitly in Table 6. The central values for the distributions
of AFB, FL, and S5 are shown in Fig. 1 for the SM, the
GMSSM, and FBMSSM, along with estimates of the theo-
retical uncertainties. The agreement with previous results is
good. The predominant sources of the uncertainties are the
form factors, hadronic parameters, and quark masses, which
are determined as discussed in Sect. 2. We also include the
uncertainty arising from varying the factorization scale, μ,
in the range μ ∈ [μ/2,2μ]. Note that these uncertainties im-
prove on the previous model. Quantitatively, the position of
the zero for AFB found in [22] is s0 = 2.88+0.44−0.28 GeV2, as
opposed to our NLO result s0 = 4.03 ± 0.12 GeV2; the re-
duction in the uncertainty is evident.2 The three distributions
all show significant variation for the models considered here,
as do the position or absence of the zero-crossing points in
AFB and S5 in the range q2 ∈ [1,6] GeV2.
2The old model, based on [22], was updated in preparation for [5],
however this only partially included the NLO QCDF corrections. The
resulting SM predictions are closer to our results, but the model still
leads to strange effects due to e.g. the scale handling at q2 ≈ 5.5.
Specifically for AFB, s0 = 4.1 GeV2, but the theoretical uncertainty
on this number is not obvious due to the partial inclusion of NLO cor-
rections.
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Fig. 1 (Color online) Theoretical predictions for AFB, FL and S5. The
red (continuous) line is the SM, the blue (dashed) line is the GMSSM,
and the purple (dotted) line is the FBMSSM
4 Constraints
Experimental results can be used to constrain the NP contri-
butions, denoted CNPi , to the Wilson coefficients: we define
Ci = CSMi + CNPi . We can then determine possible model-
independent effects of NP on Bd → K∗0μ+μ−. The most
important constraints on the Wilson coefficients are from the
following measurements:
4.1 Branching ratio for Bs → μ+μ−
This is used to constrain the possible NP contribution to the
scalar and pseudoscalar operators. To calculate the branch-
ing ratio we use the standard result from [15]


























) + mμ(Ceff10 − C′ eff10 ), (28)
and the normalization factor









We use fBs = 0.259 ± 0.032 GeV [55], τBs = 1.456 ±
0.03 ps [56] and mBs = 5.37 GeV [43], and other numerical
parameters as in [15]. In agreement with existing results,
we find the SM prediction, BR(Bs → μ+μ−) = (3.70 ±
0.31)× 10−9, to be well below the current experimental up-
per bound 3.6 × 10−8 [57, 58].
4.2 Branching ratio for B → Xsl+l−
We compare NP predictions for B(B → Xsl+l−)1–6 GeV2
to the mean experimental value (1.60 ± 0.51) × 10−6, as
adopted in [14], combining the results of BABAR, (1.8 ±
0.7 ± 0.5) × 10−6 [59], and BELLE, (1.49+0.41−0.32 ± 0.50) ×
10−6 [60]. This helps to constrain the NP contribution to
C
(′) eff
7,9,10 as well as C
(′)
S,P . As an inclusive mode, the cal-
culation for the region q2 ∈ [1,6] GeV2 of the branch-
ing ratio is theoretically clean. We use the expression for
the differential decay distribution in [61], but also include
the NLO corrections computed in [62], and the contribu-
tion of the primed operators as in [63]. Using our parame-
ters we find B(B → Xsl+l−) = (1.96 ± 0.11) × 10−6 for
the SM.
4.3 Branching ratio for B → Xsγ
The current experimental average for Eγ > 1.6 GeV is
B(B → Xsγ ) = (3.52 ± 0.23 ± 0.09)× 10−4, as calculated
by the Heavy Flavor Averaging Group [56]. We use the re-
cent theoretical SM result of [64], (3.28 ± 0.25) × 10−4
for Eγ > 1.6 GeV, and include NP effects as in [51].
The SM calculation makes use of the kinetic renormal-
ization scheme for determining mc and mb; an alternative
calculation using the 1S scheme leads to a branching ra-
tio of (3.15 ± 0.23) × 10−4 [65, 66]; however, our results
are not sensitive to the difference between these two val-
ues.
4.4 Time dependent CP asymmetry S(B → K∗γ )
This constraint is sensitive to the photon polarization, and,
hence, to C′ eff7 . This should be compared to S(B → K∗γ ) =
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(−1.6 ± 2.2) × 10−1 from experiment [56]. Our SM result
S(B → K∗γ ) = (−0.26 ± 0.05) × 10−1 agrees with that of
[14] within uncertainties. In [67, 68], the soft gluon contri-
bution was calculated, leading to a small correction to the
predicted value. This is neglected in our treatment as it has
little effect on the constraining power of the experimental
measurement.
4.5 Integrated forward-backward asymmetry 〈AFB〉1–6 GeV2
for Bd → K∗0μ+μ−
We use the existing Bd → K∗0μ+μ− measurements as con-
straints. Recently BELLE has made a measurement of the
forward-backward asymmetry, and finds the integrated AFB
value in the region 1–6 GeV2 to be −0.26±0.29 [8]. This is
to be compared to our SM prediction of 0.04 ± 0.03, which
is in agreement with the recent result in [69]. This observ-
able constrains the Wilson coefficients as seen in Table 7.
We look forward to a 1–6 GeV2 measurement from CDF
with great interest [9].
4.6 Integrated longitudinal polarization fraction
〈FL〉1–6 GeV2 for Bd → K∗0μ+μ−
BELLE has also recently measured the Longitudinal Polar-
ization Fraction to be 0.67 ± 0.24 [8]. This should be com-
pared to our SM prediction 0.76 ± 0.08, also in agreement
with [69]. Again this constraint affects Wilson coefficients
as seen in Table 7.
In order to assess the impact of these constraints on the
NP contributions to the underlying Wilson coefficients in
as general a way as possible, we have performed a semi-
random walk through parameter space. We allow (CS −C′S),
Table 7 Relevant observables and the Wilson coefficients they most



























(CP − C′P ) and the NP components of C(′) eff7−10 to vary si-
multaneously, both in magnitude and phase. To our knowl-
edge this has not been done in previous studies. At each
randomly chosen point in parameter space, predictions are
made for the six observables listed above. The point is then
either accepted or rejected using a modified χ2 metric that
treats experimental uncertainties as being normally distrib-
uted, but theoretical uncertainties as having uniform proba-
bility within the specified range. Following traditional mini-
mization techniques, the random walk is guided by this mod-
ified χ2 so that regions with lower values may be identified.
Using this method, a sample of 2.5 × 105 independent sets
of Wilson coefficients was produced. Each set results in pre-
dictions for the observables listed above with better than 2σ
agreement with current measurements. It was found that the
agreement between existing measurements and the SM is
excellent, with a χ2 per degree of freedom of 0.35. While
this is not implausible for six degrees of freedom, the level
of agreement suggests that more detailed study of the theo-
retical uncertainties will be required as experimental resolu-
tions improve.
Figure 2 shows the range of values found for the phase
and magnitude of the NP contribution to Ceff7 and C′ eff7 (at
the scale μ = mW ) during the parameter space exploration.
The colour index shows the mean value of the probability
that a point is compatible with current experimental results.
Areas with probability greater than 1σ are shaded red, while
those with less than 1σ are shaded blue. The outline of the
1σ contour can clearly be seen. The values of the Wilson
coefficients for the SM, FBMSSM, and GMSSM are also
shown.
Figure 2 can be compared to Fig. 2 from [14], in which
Ceff7 and C′ eff7 are assumed to be real and all other Wilson co-
efficients SM-like. The effects of weakening these assump-
tions can be seen. Similar figures are shown for the other
Wilson coefficients in Figs. 3 and 4. The allowed regions of
parameter space are still large, particularly if NP phases are
allowed. In contrast to [14], constraints from AFB measure-
ments at high-q2 (low recoil) are not included as we feel that
NLO effects are not under control in this region. The effect
of this constraint may be seen by comparing our Ceff10 figure,




theoretical predictions in the SM
Observable Experiment SM theory
B(Bs → μ+μ−) 3.6 × 10−8 [57, 58] (3.70 ± 0.31) × 10−9
B(B → Xsl+l−)1–6 GeV2 (1.60 ± 0.51) × 10−6 [14] (1.97 ± 0.11) × 10−6
B(B → Xsγ ) (3.52 ± 0.23 ± 0.09) × 10−4 [56] (3.28 ± 0.25) × 10−4
S(B → K∗γ ) (−1.6 ± 2.2) × 10−1 [56] (−0.26 ± 0.05) × 10−1
〈AFB〉1–6 GeV2 −0.26 ± 0.29 [8] 0.04 ± 0.03
〈FL〉1–6 GeV2 0.67 ± 0.24 [8] 0.76 ± 0.08
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Fig. 2 (Colour online) Allowed
parameter space for the NP
contribution to Ceff7 and C′ eff7 at
the scale μ = mW , as described
in Sect. 4. Points with a
compatibility with data of 68%
or better are drawn with a dark
(red) colour palette, while those
with less than this are drawn
with a light (blue) palette. The
SM point is shown in black at
the origin, while the FBMSSM
is a green square and the
GMSSM is a blue triangle. The
Wilson coefficients for these
models are shown in Table 6
Fig. 3 (Colour online) Allowed
parameter space for the Wilson
coefficients C(′) eff8−9 after
applying relevant b → s
experimental constraints. The
colour coding is the same as in
Fig. 2
The ensemble of constrained NP models can also be
used to explore the likely values of the AFB and S5 zero-
crossing points in the range q2 ∈ [0.5,15] GeV2. While it
should be noted that theoretical uncertainties are not well
controlled over this q2 range, the majority of points within
the 1σ contour lie within the theoretically clean region,
q2 ∈ [1,6] GeV2 (see Fig. 5(a)). It was found that 8% of the
parameter space points considered had no AFB zero-crossing
in the range q2 ∈ [0.5,15] GeV2. For S5, only 2% of points
had no zero-crossing in the same range. Figure 5(b) shows
the AFB and S5 gradients at their zero-crossing points. We
find that, for the majority of points, G0(S5) is greater than
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Fig. 4 (Colour online) Allowed
parameter space for the Wilson
coefficients C(′) eff10 and
(CS,P − C′S,P ) after applying
relevant b → s experimental
constraints. The colour coding is
the same as in Fig. 2
Fig. 5 (Colour online)
(a) Shows allowed values of the
AFB and S5 zero-crossing points
in the range
q2 ∈ [0.5,15] GeV2. The SM
point and its uncertainty is
shown as a black ellipse.
(b) Shows the gradient of the
AFB and S5 at the zero-point.
For comparison, the line
G0(S5) = G0(AFB) is included.
In each case the colour index
has the same meaning as in
Fig. 2
G0(AFB). This will have an impact for the q20 (S5) experi-
mental analysis discussed in Sect. 5.4.2.
To summarize, in this section we have considered six ex-
isting experimental constraints, and used these to determine
the allowed regions in parameter space for the NP contri-
bution to the Wilson coefficients. These allowed values for
the Wilson coefficients were then used to find corresponding
predictions for q20 (S5), q
2
0 (AFB), G0(S5), and G0(AFB). In
the following sections, we investigate the experimental sen-
sitivity to the observables AFB, S5, and FL, and how mea-
surements of these could have an impact on the allowed NP
contributions to the Wilson coefficients.
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5 Experimental sensitivities
Three observables that can be measured as a function of
q2 by counting signal events in specific angular bins, us-
ing (21)–(23), were highlighted in Sect. 3.1: AFB, FL, and
S5. These observables should be suitable for early measure-
ment at LHCb. In the following, we estimate the experimen-
tal sensitivities in order to make a fair comparison between
these observables.
LHCb is expected to collect ∼6.2 × 103 signal events
per 2 fb−1 of integrated luminosity with a signal to back-
ground ratio of approximately four [70, 71]. With relatively
small data sets it should be possible to extract the values of
these observables integrated over q2. These measurements
provide an early opportunity to discover NP in b → s tran-
sitions. For larger data sets it will be possible to map out the
dependence on q2 as well, allowing for additional NP dis-
crimination. Studies of these two approaches can be found
in [18, 19] for the observable AFB.
To assess the impact of each potential measurement on
the allowed NP parameter space, simple analyses have been
developed to extract the q2 integrated values of AFB, FL,
and S5 in the region q2 ∈ [1,6] GeV2. In addition, analy-
ses have been constructed to extract the q2 dependence of
AFB and S5, along with their zero-crossing points; the latter
can be found numerically from the AFB(q2) and S5(q2) dis-
tributions. In order to minimize the experimental uncertain-
ties on these points, a larger region of q2 ∈ [0.5,8.5] GeV2
was used for these analyses following [19]. An ensemble
of 1200 simulated Bd → K∗0(→ Kπ)μ+μ− data sets was
created, each containing the (Poisson fluctuated) number of
signal and background expected from 2 fb−1 of integrated
luminosity at LHCb. Other integrated luminosities were ob-
tained by linearly scaling the yield estimates. Each analysis
was then run in turn on the data sets in order to estimate the
statistical uncertainty expected for each measurement. This
allows for a fair comparison to be made between observables
for a given integrated luminosity.
5.1 Data set generation
The theoretical framework introduced in Sect. 2 was imple-
mented as a plug-in for the standard decay tree simulation
tool EVTGEN [23]. This allows Bd → K∗0(→ Kπ)μ+μ−
events to be simulated. A simplified background sample was
generated separately. This was flat in the three decay angles
defined in Sect. 3.1 but followed the signal distribution in q2
and a gently falling exponential in the B invariant mass, mB .
All events had mB within a wide window +250−150 MeV around
the nominal B mass. A central signal region was also defined
with width ±50 MeV. Events outside of this region were
assumed to be part of a background dominated side-band.
Signal and background events were generated following the
relative normalization given in [70, 71]. For each event in a
data set, the three decay angles, q2 and mB were determined
and used as input for each analysis.
5.2 q2 Integrated analyses
The integrated quantities can be extracted by estimating the
number of signal events in each angular bin using a fit to
the mB distribution. The signal contribution was parame-
trized as a Gaussian with an exponential tail, while the back-
ground was modelled as an exponential with a negative coef-
ficient. A fit was performed to each data set to extract the sig-
nal and background shape parameters for that sample. Each
sample was then reduced into the relevant angular bins. For
AFB, following (21) these bins would be cos θl ∈ [−1,0] and
cos θl ∈ [0,1] for all events in the range q2 ∈ [1,6] GeV2. To
extract an estimate of the number of signal and background
events in each angular bin, a separate fit to the mB signal
and background distributions was then performed, keeping
all shape parameters fixed. The value of 〈AFB〉1–6 GeV2 was
determined with (21). A similar procedure was applied to
(22) and (23) to extract 〈FL〉1–6 GeV2 and 〈S5〉1–6 GeV2 .
5.3 q2 Dependent analyses
Following [19], a polynomial shape was fit to the q2 dis-
tribution in each angular bin. The method proceeds as in
Sect. 5.2, using the B mass distribution to find the total
number of signal and background events in each angular
bin. However, the background shape extracted is used to
estimate the number of signal events in the B mass signal
window. The q2 dependence of the signal and background
distributions was parametrized using second and third or-
der Chebyshev polynomials respectively. A simultaneous
fit in the signal and side-band regions of the B mass dis-
tribution was used to determine the shape parameters of
signal and background polynomials using the relative sig-
nal/background normalization found from the B mass fits.
In the case of AFB, the procedure would lead to the extrac-
tion of two q2 dependent signal polynomials: one for events
with cos θl ∈ [−1,0] and the other for cos θl ∈ [0,1]. The
value of AFB (q2) can then be found using these polyno-
mials and (21). The AFB zero-crossing point was found nu-
merically from the combined functions. A similar approach
was applied to S5 and its zero-crossing; however, six angular
bins in θK∗ and φ were required.
5.4 Results
When comparing different observables and analyses it is
useful to consider the mean expected experimental sensitiv-
ity for a given integrated luminosity. These expected sensi-
tivities can be calculated from the ensemble of toy LHCb ex-
periments introduced in Sects. 5.2 and 5.3. 1200 individual
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Fig. 6 Projected experimental sensitivities to the observables AFB and
S5 using an unbinned polynomial fit to 2 fb−1 of LHCb data in the
range q2 ∈ [0.5,8.5] GeV2. The dashed line shows the input distrib-
ution, while the solid line shows the median of an ensemble of 1200
fits. The light and dark contours show the estimated one and two σ
contours
Fig. 7 Projected experimental
sensitivities to the
zero-crossings of AFB and S5
using an unbinned polynomial
fit to 2 fb−1 of LHCb data in the
range q2 ∈ [0.5,8.5] GeV2. The
colour coding is the same as in
Fig. 6
Table 9 Estimated 1σ LHCb sensitivities for 2 fb−1, 1 fb−1 and
0.5 fb−1 of integrated luminosity, assuming the SM
Observable 2 fb−1 1 fb−1 0.5 fb−1
〈AFB〉1–6 GeV2 +0.03−0.04 +0.05−0.03 +0.08−0.06
〈FL〉1–6 GeV2 +0.02−0.02 +0.04−0.03 +0.04−0.06











experiments were performed, and for each one a value of,
for example, q20 (AFB) was found. Following [13], the mean,
one and two sigma contours could then be found from these
results. The method used allows for non-normally distrib-
uted results by putting the ensemble in numerical order and
then selecting the values closest to the contour.3 Any biases
introduced can be identified by comparing the median result
and input value. Example ensembles are shown in Fig. 7 for
q20 (AFB) and q
2
0 (S5), assuming 2 fb
−1 of LHCb data and
following the SM.
3For the one sigma bound these would be the 188th and 1010th results
in the ordered ensemble.
5.4.1 Integrated quantities
The estimated 1σ sensitivities for the integrated observables
〈AFB〉1–6 GeV2 , 〈FL〉1–6 GeV2 and 〈S5〉1–6 GeV2 for toy LHCb
data set sizes of 2 fb−1, 1 fb−1 and 0.5 fb−1 are shown in Ta-
ble 9. Any differences between the input and extracted me-
dian values were seen to be small relative to the estimated
uncertainties. The estimated LHCb experimental uncertain-
ties are of a similar size to the current theoretical uncertain-
ties, and much smaller than the current experimental con-
straints [8].
5.4.2 Zero-crossings
Figure 6 shows the projected experimental sensitivity to
the full AFB and S5 distributions for 2 fb−1 of LHCb SM
data. For ease of comparison with SM predictions, the zero-
crossing point is extracted from the q2 dependent distribu-
tions. These are shown in Fig. 7 for the same data sets as
used in Fig. 6. The estimated 1σ uncertainties are shown in
Table 9. As discussed in [17], the experimental uncertainty
will scale approximately linearly with the gradient at the
zero-crossing, leading to the large difference in estimated
sensitivities seen for q20 (AFB) and q
2
0 (S5) in Table 9.
The difference in gradients between AFB and S5, seen in
Fig. 5(b) for the majority of NP points, makes q20 (S5) an at-
tractive experimental target, assuming that any practical dif-
ficulties associated with the θK∗ and φ decay angles can be
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overcome. We see that the relative steepness of the S5 dis-
tribution is such that the experimental uncertainty on q20 (S5)
should be competitive with that on q20 (AFB) for the major-
ity of the allowed regions of parameter space. For 0.5 fb−1,
biases on the zero-crossing points become significant when
using the unbinned analysis technique; however, it is likely
that coarse estimates of q20 (AFB) and q
2
0 (S5) could be ex-
tracted even at this relatively small integrated luminosity us-
ing alternative techniques, such as those discussed in [18].
6 Impact of future measurements
The relative impact of the different analyses presented in
Sect. 5 can be assessed by revisiting the parameter space ex-
ploration performed in Sect. 4. We are interested in how
including these new measurements would affect the cur-
rent constraints on parameter space. It is assumed that
LHCb will make 2 fb−1 measurements of the observables
〈AFB〉1–6 GeV2 , 〈S5〉1–6 GeV2 , 〈FL〉1–6 GeV2 , q20 (AFB), and
q20 (S5) and that the resulting experimental uncertainties are
symmetrized versions of those given in Table 9. In addition,
we assume that the measured values of these observables
are not affected by NP, and are as given in Table 8. The to-
tal χ2 for each point in parameter space is then updated to
reflect these hypothetical SM measurements. Where individ-
ual measurements are superseded by LHCb measurements,
they are replaced with no attempt at combination. However,
other constraints, such as B(B → Xsγ ), are included as be-
fore. In this way the constraining power of each analysis can
be compared.
Figure 8 shows the relative impact of these measure-
ments on the NP component of Ceff7 . In Fig. 8a, SM val-
ues of 〈AFB〉1–6 GeV2 and q20 (AFB) are imposed with the
estimated 2 fb−1 experimental sensitivities taken from Ta-
ble 9. Figure 8b shows the impact of 〈FL〉1–6 GeV2 , while
Fig. 8c shows the impact of both 〈S5〉1–6 GeV2 and q20 (S5)
for the same LHCb integrated luminosity. These should be
compared with the currently allowed Ceff7 parameter space
shown in Fig. 2. The small statistical uncertainty found in
Sect. 5 for q20 (S5) provides a stringent constraint on parame-
ter space. This emphasizes the importance of an early mea-
surement of S5, in addition to AFB and FL. Figure 9 shows
the combined effect of the measurement of the proposed ob-
servables, again assuming the SM and the estimated sensi-
tivities from Table 9 for the NP contribution to the Wilson






10 . The amount of para-
meter space left after these measurements would be signifi-
cantly reduced, with most NP contributions excluded at the
1σ level unless there are large NP phases present. This again
illustrates the importance of CP observables as described in
[14, 15]. The FBMSSM and GMSSM models from Sect. 3.2
could also be excluded at better than 95% confidence in this
case.
Fig. 8 (Colour online) The relative impact of different proposed
LHCb measurements after 2 fb−1 of integrated luminosity, assuming
the SM, on the NP component of Ceff7 . In each case the colour index
has the same meaning as in Fig. 2
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Fig. 9 (Colour online) Allowed
parameter space for the Wilson





C′ eff10 after 2 fb
−1 measurements
at LHCb of 〈FL〉1–6 GeV2 ,
〈AFB〉1–6 GeV2 , q20 (AFB),
〈S5〉1–6 GeV2 and q20 (S5),
assuming the SM. The colour
coding is the same as in Fig. 2
7 Summary
A new next-to-leading order model of the decay Bd →
K∗0μ+μ−, that features QCD factorization corrections and
full LCSR form factors, was presented. This includes an
expression for the decay amplitude in terms of an updated
set of auxiliary functions; these can be compared directly to
the previous model, based on [22]. The auxiliary functions
have been extended to include the effects of primed, scalar,
and pseudoscalar operators, which may become important
in certain NP scenarios.
The observables AFB, FL, and S5 were identified as being
promising for a relatively early measurement at the LHC, as
they can be extracted as a function of q2 by counting signal
events in specific angular bins, using (21)–(23), and corre-
spond to large features in the angular distribution. We also
obtained a simple expression for q20 (S5) at leading order,
in terms of Ceff7 , C
′ eff
7 , and Ceff9 , and showed that it has re-
duced hadronic form factor uncertainties in the large-recoil
limit. Considering current experimental constraints leads to
restrictions on the possible NP contributions to the Wilson
coefficients. The allowed values of the AFB and S5 zero-
crossing points, and the gradient of the AFB and S5 distrib-
utions at these points, were explored. The relative steepness
of the S5 distribution, even in the presence of NP, makes
q20 (S5) an experimentally attractive target, as it will lead to
a smaller experimental uncertainty.
In order to investigate the impact of measuring the pro-
posed observables on the NP contributions to the Wilson co-
efficients, and to compare their relative impact, we estimated
their sensitivities at LHCb. We studied the sensitivity to the
q2 integrated values and zero-crossing points of AFB, FL,
and S5. The prospect of measuring S5 and its zero-crossing
at LHCb has not been previously explored.
Using a combination of 〈FL〉1–6 GeV2 , 〈AFB〉1–6 GeV2 ,
q20 (AFB), 〈S5〉1–6 GeV2 , and q20 (S5), we showed that 2 fb−1
of LHCb data could greatly reduce the allowed parameter
space. The contribution of S5 to this is very significant and
can, in part, be attributed to the small statistical uncertainty
expected on q20 (S5). We have also shown that if the decay
is SM-like, the GMSSM and FBMSSM points considered
would be ruled out by LHCb with 2 fb−1. We conclude
by stressing that making measurements of S5 and its zero-
crossing would provide an interesting and complementary
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measurement to others currently planned. Bd → K∗0μ+μ−
is a promising channel for constraining models or making a
NP discovery. We look forward to the first LHC results for
this decay.
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Appendix A: Operator basis
The effective Hamiltonian for Bd → K∗0μ+μ− can be ex-
pressed in terms of effective operators and Wilson coeffi-
cients as described in Sect. 2.2. We provide explicit expres-
sions for a subset of these operators, which play a key role








































































































where g is the strong coupling constant, e is the electron
charge, mb is the b quark mass in the MS scheme, as de-
scribed in Sect. 2, and PL,R = (1 ∓ γ5)/2.
Appendix B: Angular coefficients
Here we provide the relations between the angular coeffi-
cients, I (s/c)i , defined in Sect. 3.1 and the auxiliary func-
tions defined in (8). We first express the I (s/c)i ’s in terms of
















∣∣AL0 ∣∣2 + ∣∣AR0 ∣∣2 + 4m2μq2 + β2|AS |2




[∣∣AL⊥∣∣2 + ∣∣AL‖ ∣∣2 + (L → R)], (B.3)
I c2 = −β2
[∣∣AL0 ∣∣2 + (L → R)], (B.4)
I3 = 12β
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) + (L → R)]. (B.12)
These transversity amplitudes are projections of the decay
amplitude onto various combinations of helicity states of
the K∗ and the virtual gauge boson. The projections can be
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achieved by contracting T 1/2μ with the virtual gauge boson
polarization vector. We use four basis vectors for the virtual
gauge boson polarization vector corresponding to transverse
(±), longtitudinal (0) and time-like (t) states, and three ba-
sis vectors for the virtual gauge boson polarization vector
corresponding to transverse (±) and longtitudinal (0) states.
One first extracts the helicity amplitudes H+, H− and H0
using the basis polarization vectors +, −, 0 respectively for
both the K∗ and the virtual gauge boson. Ht is found by
taking the longtitudinal polarization vector for the K∗ and
the time-like polarization vector for the virtual gauge boson.
Using the relations
A⊥/‖ = H+ ∓ H−√
2
(B.13)
and A0 = H0, At = Ht , one then obtains expressions for the


































F − (1 − mˆK∗)G − qˆ2H ), (B.17)
where i = L/R, and we have shortened ai − ci(q2) and F −
G(q2) to ai −ci and F −G respectively. We use the standard
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where α is the electromagnetic coupling constant and
GF is the Fermi constant. In the above definitions of the
transversity amplitudes, the functions aL/R(q2), bL/R(q2),
cL/R(q
























) ∓ E(q2)). (B.23)
Using the above it is possible to compare the predictions
of (8) to the standard results in the literature, and we agree
with [15].
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